ABSTRACT This study was conducted to identify the nature of a glycogen-associated compound that had been shown to inhibit glucose-6 phosphatase in vitro. Glycogen was purified from the liver of fed rats by potassium hydroxyde digestion and ethanol precipitation. It inhibited glucose-6 phosphatase in microsomes isolated from rats deprived of food for 48 h. Two glycogen-associated fractions were purified by anion-exchange chromatography on DOWEX 1 (200-400 mesh). These fractions inhibited microsomal glucose-6-phosphatase activity in vitro (80 { 2 and 76 { 3% of control, respectively). After chromatography, glycogen was no longer inhibitory (101 { 3% of control). Because glycogen is associated with endoplasmic reticulum membranes in the liver, we tested the hypothesis that lipids could be involved in the inhibitory process. Lipids were extracted from glycogen by Folch's method and analyzed by thin-layer chromatography and gas chromatography. The glycogen-associated fractions did not contain complex lipids but contained unsaturated fatty acids, which had been shown previously to inhibit glucose-6-phosphatase in vitro. Because the concentration of unsaturated fatty acids in both fractions quantitatively accounted for the inhibition of glucose-6 phosphatase observed, and because noninhibitory chromatographed glycogen reconstituted with equivalent amounts of pure unsaturated fatty acids inhibited the enzyme as glycogen did, we conclude that unsaturated fatty acids likely constitute the glycogen-associated compound that inhibits glucose-6 phosphatase activity.
Liver glucose-6 phosphatase (EC 3.1.3.9) (Glc6Pase) 6 is a postprandial period (Minassian et al. 1995) . In the latter rekey enzyme in glucose production, catalyzing the terminal step port, it was suggested that insulin alone could not account for of both gluconeogenic and glycogenolytic pathways. Until rethe inhibition and that a metabolite present in liver homogecently, it was commonly thought that only the level of glucosenate could be the inhibitor. Previously, Grant and Burchell 6 phosphate could modulate the flux of substrate through (1989) reported the inhibition of Glc6Pase by glycogen in Glc6Pase. However, Newgard et al. (1984) suggested the exisvitro. More recently, Liu et al. (1993) have reported that the tence of a short-term regulation mechanism of the enzyme inhibitory effect is not due to glycogen per se but could be after glucose ingestion. It was also proposed that Glc6Pase dependent on a low molecular weight compound (õ5000 Da) could be regulated by insulin (Gardner et al. 1993) or by removable from crude glycogen by passage through an anion various nutrient metabolites such as proline (Bode et al. 1992) , exchange column. The purpose of this study was to identify a-ketoglutarate (Minassian et al. 1994) , unsaturated fatty acids this metabolite. (UFA) (Mithieux et al. 1993 ) and long-chain fatty acyl-CoA esters (Mithieux and Zitoun 1996; see Mithieux 1997 for a MATERIALS AND METHODS recent review). Furthermore, recent data from our laboratory demonstrated that the enzyme activity is inhibited during the Preparation of glycogen and glycogen-associated fractions. Male Sprague-Dawley rats (IFFA CREDO, L'arbresle, France) fed a nonpurified diet (U.A.R. Epinay sur Orge, France) were used for this study. Animals were handled according to the rules defined by our local 1 Presented in abstract form [Daniè le, N., Bordet, J. C. & Mithieux, G. (1995) Identification of an endogenous compound associated to glycogen, inhibitor of ethics committee for animal experimentation. All were anesthetized glucose-6-phosphatase: unsaturated fatty acids. Diabetologia, 38 (suppl. 1): 144 using a single intraperitoneal injection of pentobarbital (70 mg/kg).
The liver was frozen at liquid nitrogen temperature between steel 2 Supported by the Institut National de la Santé et de la Recherche Mé dicale.
blocks. Rats were rapidly killed by heart excision after liver sampling.
3 The costs of publication of this article were defrayed in part by the payment Glycogen was purified from liver by alkaline solubilization folof page charges. This article must therefore be hereby marked ''advertisement'' in accordance with 18 USC section 1734 solely to indicate this fact.
lowed by repeated ethanol precipitation and then dried (Liu et al. 4 Recipient of a grant from the French Ministè re de l'Enseignement Supé rieur 1993). It was quantified according to Keppler and Decker (1974) . Glycogen and glycogen-associated fractions were prepared from crude 5 To whom correspondence should be addressed. glycogen samples as described by Liu et al. (1993) with slight modifi-6 Abbreviations used: FFA, free fatty acids; Glc6Pase, glucose-6 phosphacations. Glycogen in suspension in water (100 mmol/L equivalent tase; GNG, gluconeogenesis; HGP, hepatic glucose production; UFA, unsaturated fatty acids.
RESULTS
Glycogen and glycogen-associated fractions were tested for Glc6Pase activity in microsomes from rats that were food deprived for 48 h. (Fig. 1) . Before chromatography, glycogen significantly inhibited Glc6Pase activity in vitro (66 { 14% of control activity). The neutral eluate containing bulk glycogen had no inhibitory effect on Glc6Pase. All inhibitory activity was recovered in the two acidic eluates; both eluates inhibited Glc6Pase by 20-25%.
Thin-layer chromatography analysis of total lipids extracted from glycogen demonstrated that no complex lipids were present. On the other hand, glycogen contained substantial amounts of free fatty acids (FFA) (not shown). Gas chromatography analysis demonstrated that glycogen contained several long-chain saturated and unsaturated fatty acids (UFA) in substantial amounts (Fig. 2) . Most of them, including arachidonic acid [20:4 (n-6)] and other UFA, are efficient inhibitors of Glc6Pase activity (Mithieux et al. 1993 ). On the other hand, glycogen contained only low amounts of FFA after chromatography (Fig. 2) . This indicated that UFA could be the
FIGURE 1 Effect of glycogen and glycogen-associated fractions
Glc6Pase inhibitor associated with glycogen.
on glucose-6 phosphatase (Glc6Pase) activity in microsomes from rats Glycogen contained 4.9 { 0.7 nmol total FFA/mmol glustarved for 48 h. Glycogen and the neutral eluate were present in the cose residue (mean { SEM, n Å 4) before filtration (this repreGlc6Pase assay medium at a concentration of 30 mmol/L glucose resisented 0.8 { 0.07 g/100 g); 1.3 { 0.7 nmol were still present due. Dilution of acidic eluates was done to be equivalent to their dilution in the neutral filtrate, and 1.2 { 0.6 and 1.1 { 0.2 nmol were in the assay in the presence of glycogen. The results of experiments retained by the column and eluted by 30 mmol/L and 1 mol/ using 20 mmol/L glucose-6 phosphate are given as means { SEM, n L HCl, respectively (Fig. 3) . The proportion of UFA was in the two eluates. The greater proportion of saturated fatty acids was efficiently bound to the column but could not be eluted in acidic conditions. We calculated that the final con- sonication. Glycogen reconstituted with UFA was prepared by mixing chromatographed glycogen with increasing amounts of a mixture of pure UFA (Sigma) with the following composition: 30% oleic acid [18:1(n-9)], 25% arachidonic acid [20:4(n-6)] and 45% docosahexanoic acid [22:6(n-3)] (mass ratio). The latter was added to the neutral eluate just after chromatography and the mixture was subjected to three ultrasonic pulses.
Lipid analyses. Lipids were extracted from glycogen and eluted fractions according to Bligh and Dyer (1959) . Lipids contained in the concentrated extracts were then separated by thin-layer chromatography on silica gel G in the first dimension in hexane/diethylether/ acetic acid (80:20:1), and phospholipids in the second dimension in chloroform/methanol/ammoniac (60:20:5) or on silica gel H developed in chloroform/methanol/NH 4 OH/water (50:38.8:2.6:8.5). Lipids were viewed under UV light after being sprayed with rhodamine. They were scraped off the plates and transmethylated in BF 3 -methanol (Morrisson and Smith 1964) . Fatty acid methyl esters were analyzed by flame-ionization gas-chromatography on a SP-2380 column (Packard chromatograph, temperature gradient: 150-210ЊC, 1ЊC/ min; injector and detector temperature: 220ЊC), and quantified by comparison with internal standard.
Glucose-6 phosphatase assay. Microsomes were prepared from the liver of fed or food-deprived (48 h) male Sprague-Dawley rats weighing 200-220 g, as previously described (Mithieux et al. 1990 ). After preincubation of microsomes in the absence or presence of crude glycogen or glycogen-associated fractions or glycogen reconstituted with UFA for 10 min at 4ЊC, the Glc6Pase assay was performed FIGURE 2 Analysis of fatty acids associated to glycogen from fed rats before (A) and after (B) chromatography on anion exchange colat 30ЊC and pH 7.3 in a medium composed of 20 mmol/L Tris-HCl and 20 mmol/L glucose-6 phosphate. After 10 min of incubation, umn. Free fatty acids (FFA) were extracted and analyzed by flameionization gas-chromatography as described in the text; 16:0 (palmitic inorganic phosphate produced was determined according to Baginski et al. (1974) . Microsomal proteins were measured using the method acid), 18:0 (stearic acid), 18:1(n-9) (oleic acid), 18:2(n-6) (linoleic acid), 20:4(n-6) (arachidonic acid), 24:0(lignoceric acid), 22:6(n-3) (docosa-It should be pointed out that chromatographed glycogen still contains UFA, but has no Glc6Pase inhibitory activity. This strongly suggests that this particular fraction of UFA must be strongly bound to glycogen because it is not exchangeable upon ion-chromatography. It is therefore not unexpected that it might not inhibit Glc6Pase because we have previously reported that UFA bound to bovine serum albumin do not inhibit Glc6Pase (Mithieux et al. 1993 ). On the other hand, the fraction of UFA that is exchangeable by chromatography likely is more loosely bound to glycogen, and can be released to inhibit Glc6Pase and participate to the regulation of the enzyme activity in vivo.
Taking into account the subcompartmentalization of the cytosolic glucose-6 phosphate pool demonstrated by Christ and Yungermann (1987) it appears that two nonmiscible glucose-6 phosphate pools can be distinguished; one is the result of glycogenolysis, whereas the other is due to gluconeogenesis (GNG). As a consequence, the glycogen particles should be in close contact with Glc6Pase in the smooth endoplasmic reticulum membrane, in such a way that neither glucose-6 phosphate formed by glycogenolysis could escape from the ''glycogen subcompartment,'' nor could glucose-6 phosphate supplied by GNG enter in (Christ and Yungermann 1987) . emerging concept of autoregulation of hepatic glucose production (HGP) and with an important role for fatty acids in this Reconstituted glycogen (30 mmol/L equivalent glucosyl resautoregulation. It has been established that GNG could be idue) inhibited Glc6Pase in a manner dependent on the either decreased (Puhakainen et al. 1991) or increased (Jensamount of UFA added (Fig. 4) . Before chromatography, glycosen et al. 1990 ) with no change in overall hepatic glucose gen contained Ç2.1 nmol UFA/mmol glucosyl residue, and output, strongly suggesting that glycogenolysis was concomi-Ç1 nmol UFA was still present in chromatographed glycogen tantly increased (or decreased, respectively) to compensate (see Fig. 3 ). Chromatographed glycogen reconstituted with 1.2 nmol UFA/mmol glucosyl, which should thus contain UFA amounts very close to those found in glycogen before chromatography, inhibited Glc6Pase to a similar extent (compare Fig.  1 and 4) .
DISCUSSION
We have recently demonstrated that Glc6Pase is progressively inhibited in liver homogenates of refed previously starved rats (Minassian et al. 1995) . Refeeding is also characterized by gradual glycogen deposition in the liver (Minassian et al. 1995) . In agreement with the hypothesis that a glycogenassociated fraction could be involved in the inhibition of liver microsomal Glc6Pase upon refeeding, it has previously been shown that crude glycogen inhibits Glc6Pase activity in vitro, whereas glycogen does not inhibit Glc6Pase after chromatography through a DOWEX column (Liu et al. 1993 ). Because glycogen is associated with endoplasmic reticulum membranes in the liver (Cardell 1977), we tested the hypothesis that lipids could be involved in the inhibitory process. Several lines of evidence provided herein strongly suggest that the glycogenassociated compounds inhibiting Glc6Pase are UFA. 1) We have previously shown that UFA inhibit Glc6Pase (Mithieux 
